A novel aptasensor based on AuNPs-carboxylic porous carbon (cPC) is developed for the ultrasensitive detection of ochratoxin A (OTA) via electrochemical impedance spectroscopy. The prepared AuNPscPC, which combines the porous structure of cPC with the good conductivity of AuNPs, is used as an excellent carrier for the immobilization of capture DNA (cDNA), which enhances the loading of the aptamer and amplifies the impedimetric signal. When the target OTA is present, due to the complex effect of the three-dimensional macroporous structure of the AuNPs-cPC on the immobilization of cDNA, hybridization between the aptamer and cDNA and the conformational change of the OTAaptamer, the OTA-aptamer complex may not be released from the electrode surface, which leads to an increase in the R ct signal. Through optimization of the important parameters, the optimal aptamer concentration of 10 mmol L À1 and optimal incubation time of 9 min are obtained. Under the optimal conditions, the DR ct is linearly proportional to OTA concentration in a logarithmic way in the range of 1 Â 10 À8 to 0.1 ng mL
Introduction
Ochratoxin A (OTA), which is a key mycotoxin produced mainly by Aspergillus and Penicillium, has been identied as a contaminant in foods.
1 Due to its hepatotoxicity, teratogenicity, mutagenicity, nephrotoxicity, and carcinogenicity, OTA poses a serious threat to the health of both human and animals.
2 Thus it is vital to develop precise, selective, rapid and inexpensive methods for the detection of OTA in foods. Due to their high accuracy and low detection limits, conventional analytical methods including gas chromatography, high performance liquid chromatography, high performance liquid chromatography/mass spectrometry, capillary electrophoresis, and uorescence microscopy have been widely employed for OTA detection. [3] [4] [5] [6] [7] [8] However, these techniques possess some drawbacks such as high cost, sophisticated equipment and specic technical skills. In recent years, electrochemical methods have displayed great potential as a next-generation detection strategy because of their low cost, speed, and excellent compatibility with miniaturization technologies. 9 Recently, electrochemical immunosensors have been used for on-site OTA detection because of their favorable characteristics such as simple instrumentation, convenient operation and completion within a relatively short time. However, the preparation of antibodies is strongly dependent on the in vivo conditions in animals, which is complicated and time-consuming.
Moreover, there are some issues with the stability or modica-tion of antibodies.
10 Compared with antibodies, aptamers have vital advantages such as high specicity and affinity, good stability, easy modication, simple production and signicant chemical simplicity.
11-13 Thus, they offer a powerful alternative to antibodies as biological recognition molecules and have been developed for different aptasensors to detect OTA.
14-20
For the fabrication of electrochemical aptasensors, the immobilization of biomolecules is crucial. Due to their superior properties, various carbon materials such as carbon nanotubes and graphene have been used as carriers for the effective fabrication of OTA aptasensors. 21, 22 Owing to its high specic surface area, large pore volume, good electronic conductivity, well controlled pore size and surface properties, porous carbon has been successfully used to immobilize biomolecules for biosensors 23 and is suitable for the design of improved electrochemical aptasensors. On the other hand, in view of their unique physicochemical properties such as good biocompatibility, active surface, catalytic properties and excellent conductivity, AuNPs have been combined with other nanomaterials to boost the performance of aptasensors including improving loading capacity, retaining the activity of biomolecules, and enhancing response sensitivity. 24, 25 In this work, a novel aptasensor based on AuNPs-carboxylic porous carbon (cPC) is developed for the ultrasensitive detection of OTA by electrochemical impedance spectroscopy. The combined porous structure of cPC with good conductivity of AuNPs results in AuNPs-cPC being an excellent carrier for the immobilization of abundant of capture DNA, which enhances the loading of aptamer and offers a signicant impedimetric amplication strategy for the detection of OTA. 
Experimental

Materials and chemicals
Apparatus
All electrochemical experiments were performed on a CHI 660E electrochemical workstation (Shanghai Chenhua Instrument Corporation, China) using a three-electrode system comprised of a glassy carbon electrode (GCE) as the working electrode, platinum wire as the auxiliary electrode, and Ag/AgCl as the reference electrode. Scanning electron microscopy (SEM) was performed using a JEOL JSM7100F SEM (JEOL, Japan). Transmission electron microscopy (TEM) was performed using a JEOL JEM-100SX TEM (JEOL, Japan).
Preparation of apt/AuNPs-cPC-cDNA/GCE sensor Scheme 1 illustrates the process for the fabrication of the apt/ AuNPs-cPC-cDNA/GCE sensor and its application for OTA detection.
The GCE was carboxylated via scanning cyclic voltammetry (CV) with 0.5 M H 2 SO 4 . Using a mixture solution of EDC (40 mL, 0.1 M) and NHS (40 mL, 0.1 M) as the crosslinking agent, the carboxylated GCE was immersed in NH 2 (CH 2 ) 2 SH (80 mL, 0.1 M) solution and incubated to obtain the -SH/GCE.
Honeycomb-like porous carbon was prepared according to our previous report, 23 and then carboxylated using H 2 SO 4 and HNO 3 to obtain carboxylic porous carbon (cPC). 12 mg of the prepared cPC was rstly activated with 40 mg of EDC and 70 mg of NHS in 8 mL of ethanol (95%, v/v) and the mixture was stirred for 8 h at room temperature. Then, 50 mg of NH 2 (CH 2 ) 2 SH was added to the mixture and the solution was stirred for 12 h at room temperature. Next, the mixture was centrifuged at 12 000 rpm for 15 min and washed repeatedly with ethanol to remove the excess NH 2 (CH 2 ) 2 -SH, and then dried under vacuum to obtain the -SH modied cPC.
The -SH modied cPC was dispersed in 20 mL pure water. 600 mL of HAuCl 4 (1 wt%) and 200 mL of 0.2 M K 2 CO 3 was rapidly added under stirring, and then 400 mL of freshly prepared NaBH 4 (0.5 mg mL À1 ) was quickly added to the mixture by repeating 4 times. Next, the mixture was sequentially stirred for 5 min, and AuNPs with an average diameter of 50 nm were
Scheme 1 Schematic illustration of fabrication of the apt/AuNPs-cPC-cDNA/GCE sensor and its application for OTA detection.
obtained on the surface of cPC (AuNPs-cPC). Finally, the AuNPs-cPC was centrifuged at 10 000 rpm and washed with pure water, and then dispersed in 10 mL pure water by ultrasound. cDNA (45 mL, 100 mM) was added to 500 mL of AuNPs-cPC suspension and incubated overnight. Next, the solution was incubated with NaCl (50 mL, 2 M) for 24 h and centrifuged at 13 000 rpm to remove the unbound cDNA. The precipitate was repeatedly rinsed and redispersed in 5 mL Tris-HCl solution to obtain AuNPs-cPC-cDNA. 5 mL of AuNPs-cPC-cDNA was immobilized on the surface of the -SH/GCE electrode via S-Au bonds. Then, 2 wt% BSA was used to block the excessive active groups. Subsequently, 5 mL of 5 mM aptamer solution was dropped on the AuNPs-cPC-cDNA/GCE surface and the hybridization reaction was allowed to proceed for a certain time at 37
C to obtain the apt/AuNPs-cPC-cDNA/GCE sensor. Aer the hybridization reaction, the prepared sensor was rinsed with pH 7.4 Tris-HCl several times to remove unbound aptamer.
Results and discussion
Characterization of the prepared AuNPs-cPC-cDNA
The morphology of materials was characterized via SEM and TEM, and the results are shown in Fig. 1 . Fig. 1A shows that cPC has a vast three-dimensional interconnected porous structure with the average pore diameter of about 700 nm. As shown in Fig. 1B , a large number of AuNPs with the average diameter of 50 nm were irregularly dispersed in various parts of the cPC, which indicates that AuNPs were successfully loaded into cPC. The TEM image of AuNPs-cPC (Fig. 1C) shows the agglomeration of particles on the cPC supports, which indicates that the AuNPs were successfully adhered to the exterior and the interior of cPC. Fig. 1D shows a thick coating the AuNPs-cPC composite, which indicates that cDNA was successfully immobilized on the AuNPs-cPC composite.
Electrochemical characterization of apt/AuNPs-cPC-cDNA/ GCE sensor Electrochemical impedance spectroscopy was used to characterize the apt/AuNPs-cPC-cDNA/GCE sensor. As shown in Fig. 2 , thus the R ct of the apt/AuNPs-cPC-cDNA/ GCE sensor (c) signicantly increased to 1373 ohm.
The detection mechanism of OTA based on the apt/AuNPscPC-cDNA/GCE sensor seen that R ct increased from 1373 ohm to 1852 ohm when the apt/ AuNPs-cPC-cDNA/GCE sensor was incubated with 1 Â 10 À8 ng mL À1 OTA for 9 min. We speculate that the increase in R ct aer OTA incubation is not only the result of the repulsion between the electrode surface and the negatively charged redox couple induced by the negatively charged OTA at pH 7.4, 26,27 but also due to the complex effect of the aptasensor which is as follows: when OTA combines with the aptamer, the formation of the OTAaptamer complex results in a conformational change in the aptamer. However, the existence of the three-dimensional macroporous structure of AuNPs-cPC has a complex effect on the immobilization of the cDNA, the hybridization between aptamer and cDNA, and the conformational change of OTA-aptamer, which results in the OTA-aptamer complex not being released from the electrode surface and an increase in the R ct signal. Relevant literature also conrms that the involvement of nanomaterials or other substances could affect the detection principle. For example, Wu et al. 28 immobilized an aptamer on the electrode surface via Au-S bonds, and the resistance of the electrode surface increased in the presence of OTA due to the conformational change in the aptamer-OTA complex. On the contrary, Prabhakar et al. 29 deposited an LB lm (PANI-SA) on the electrode surface to immobilize an aptamer. When OTA was added, the PANI chains acted as electron-conducting molecules to accelerate electron transfer and decrease the resistance. Prieto-Simón et al. 30 developed a "signal off" aptasensor based on the hybridization between aptamer-ALP and the complementary strand which immobilized on the electrode surface to detect OTA, and surface plasmon resonance assays conrmed the conformational switch of the aptamer rather than aptamer displacement by dehybridization from the DNA-modied sensor surface in the presence of OTA, which increased R ct . In our experiment, the involvement of the three-dimensional macroporous structure of AuNPs-cPC affected the conformational switch of the OTA-aptamer complex rather than releasing it from the electrode surface in the presence of OTA, which is a signicant impedimetric amplication strategy for OTA detection.
Optimization of the experimental conditions
The aptamer concentration could affect the loading of aptamer on the electrode surface and the conformational changes of the aptamer in the reaction system, and thus affect the sensitivity and accuracy of the sensor. As shown in Fig. 4 , the R ct increased dramatically when the aptamer concentration increased from 3 mmol L À1 to 5 mmol L À1 , and then increased slowly with further increase the aptamer concentration. When the aptamer concentration increased to 10 mmol L À1 , R ct tended to be stable, which indicates that the amount of aptamer on the electrode surface reached saturation. Therefore, 10 mmol L À1 was selected as the optimal aptamer concentration. The OTA incubation time not only affects the conformational change in the aptamer-OTA complex, but also is one of the important indicators that directly measure whether the aptamer sensor is suitable for practical application. As shown in Fig. 5 , the R ct of the sensor obviously increased in the early stage with an increase in incubation time up to 9 min, where the R ct of 2089 ohm was obtained. Beyond that, the R ct did not exhibit further increase and basically reached a plateau. Consequently, 9 min was adopted as the optimum incubation time and employed for all other investigations. Analytical performance of the apt/AuNPs-cPC-cDNA/GCE sensor for impedimetric detection of OTA Under the optimized conditions, the fabricated aptasensor was adopted for the impedimetric detection of OTA at different concentrations. It was found that the DR ct increased as the OTA concentration increased in a wide range of 1 Â 10 À8 to 1000 ng mL À1 (Fig. 6A ). As shown in Fig. 6B . A comparison of the results obtained with the reported literature is presented in Table 1 , which shows that the apt/AuNPs-cPC-cDNA/GCE sensor is superior.
Reproducibility and repeatability of the apt/AuNPs-cPCcDNA/GCE sensor
The reproducibility of the developed apt/AuNPs-cPC-cDNA/GCE sensor was evaluated with inter-assay precision. Five apt/AuNPscPC-cDNA/GCE sensors were tested via EIS with same OTA concentration under the same experimental conditions. A relative standard deviation (RSD) of 5.62% was calculated, which indicates the good reproducibility of the developed aptasensor. The intra-assay precision of the apt/AuNPs-cPC-cDNA/GCE sensor was evaluated by six repetitive measurements with one electrode and an RSD of 4.53% was obtained, which indicates that the prepared aptasensor has acceptable repeatability.
Specicity of the apt/AuNPs-cPC-cDNA/GCE sensor To investigate the specicity of the apt/AuNPs-cPC-cDNA/GCE sensor toward OTA, the system was employed for the analysis of 0.1 ng mL À1 AFB1. As shown in Fig. 7 , the EIS response from AFB1
showed no obvious variation in comparison with that of the control test, whereas an obvious increase in the EIS response was Fig. 7 Specificity evaluation of the proposed aptasensor for 0.1 ng mL À1 OTA against 0.1 ng mL À1 AFB1.
observed for 0.1 ng mL À1 OTA. This result suggests that the proposed aptasensor is specic for OTA detection.
Analytical application in real sample
To investigate the practical application of the developed aptasensor, the detection of OTA in a soybean sample was performed. As shown in Table 2 , the recoveries of the spiked samples ranged from 95% to 108% with the average recovery of 101.67%, which implies that the as-prepared aptasensor can be used for OTA detection in real samples with the satisfactory results.
Conclusions
In this work, a signal-amplied impedimetric aptasensor based on AuNPs-cPC has been successfully developed for the ultrasensitive detection of OTA. Due to the advantages of the threedimensional macroporous structure and good conductivity of AuNPs-cPC, the prepared apt/AuNPs-cPC-cDNA/GCE sensor could enhance the loading of the aptamer and amplify the R ct signal. Under optimal conditions, the developed aptasensor achieved an extraordinary detection limit of 1 Â 10 À8 ng mL À1 , which is better than other reported aptasensors for OTA detection. This signal-amplied impedimetric aptasensor may provide a powerful tool for the detection of OTA and other hazards for food safety. 
